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ABSTRACT

e plain strain fracture toughness and Charpy impact energy of friction 
,

welds in ultrahigh strength AISI 4340 steel were determined. Fracture toughness
values for the weld zone were found to exceed those of the base metal. This is
believed to be due to the larger prior austenite grain size in the weld zone
resultant from the weld thermal cycle. Charpy impact energy data for the weld
zone, however, were approximately 50 percent lower than those of the base metal.
This was due to the adverse reorientation of sulfide inclusions in the weld zone
-esulting from the forging stage of the welding cycle. Discrepancies between
fracture toughness and Charpy impact test data can be attributed to notch root
radius effects. The use of both sharp notch and rounded notch toughness tests
are recommended for the determination of weld joint ductility in ultrahigh
strength steels. , -r * ... - .L"c LQ h Yr - .
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INTRODUCTION

Inertia welding, a form of friction welding, is a solid state joining process
that produces bonding using the heat developed between two surfaces during mechan-
ically induced rubbing motion. The inertia welding cycle can be divided into two

stages: the friction stage, and the upsetting or forging stage. Welding heat is
developed during the first stage, and the weld is consolidated and cooled during
the second stage. A complete description of the inertia welding process is pre-
sented elsewhere.
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It is well known that for any steel worked principally in one direction, the
mechanical properties, especially ductility, in the direction of working are different
from those in the perpendicular or short transverse direction.2,3 On application
of forging pressure during an inertia weld, metal is forced out in a radial direction
normal to the forging direction. Consequently, any inclusions in the weld zone initially
oriented parallel to this major working direction are reoriented into a direction
normal to this axis within the bond zone during the forging stage. Short transverse
base metal properties should, therefore, be expected across inertia welded joints.4

The effects of sulfur concentration and precrack location on the plain strain
fracture toughness properties of inertia welds in 4340 steel at moderate strength
and low sulfur levels have previously been evaluated.4 Speich 5 demonstrated that
variations in sulfide inclusion shape and concentration have a negligible effect on
Charpy impact energy at high strength levels for 4340 steel. Ritchie showed that
the contradictory results of the plain strain fracture toughness (KIC) and Charpy
impact energy tests can be rationalized in terms of the response of notch root
radius on toughness. The purpose of the work reported here was to evaluate the use
of percent elongation, plain strain fracture toughness, and Charpy impact energy as
measures of ductility for inertia welded joints in AISI 4340 steel, at ultrahigh _
strength levels, approximately 300 ksi.

EXPERIMENTAL

Seamless tubing (6.25" outer diameter with a wall thickness of 0.5") from an
electric furnace melted heat of AISI 4340 steel was inertia welded. The chemical
composition of the material tested is shown in Table 1. Carbon and sulfur were
measured by combustion techniques; all other elements were analyzed by emission
spectroscopy.

Table 1. CHEMICAL COMPOSITION OF THE MATERIAL TESTED

Weight Percent

C S Mn P Si Ni Cr Mo Cu Al

Heat #1 0.45 0.006 0.70 0.015 0.26 1.82 0.81 0.27 0.11 0.04

Typical 4340 0.38-0.43 0.04 0.60-0.80 <0.035 0.20-0.30 1.65-2.00 0.70-0.90 0.20-0.30

1. Welding Handbook, vol. 3, Resistance and Solid-State Welding and Other Joining P ocesses. 7th Edition, W. H. Kearns, cd, American
Welding Society, Miami, Florida, 1980, p. 244.

2. PORTER, L. F. Lamellar Tearing in Plate Steels (a Literature Survey). AISI, August 1975.
3. SKINNER, D. H., and TOYAMA, M. Through Thickness Properties and Lamellar Tearing. Welding Res. Bull., 1977, v. 232, p. 1-20.
4. RICCI, W. S., KULA, E. B., COLGATE, J. D. Effects of Sulfur Content on the Plain Strain Fracture Toughness of Inertia Welds in

4340 Steel. U.S. Army Materials Technology Laboratory, MTL TR 87-53, September 1987. 5
5. SPEICH, G. R., and SPITZEG, W. A. Effect of Volume Fraction and Shape of Sulfide inclusions on Through Thickness Ductility and

Impact Energy of High Strength 4340 Plate Steel. Metall. Trans. A, v. 13A, December 1982, p. 2239-2258.
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All welds were fabricated in acccrdance with MIL-STD-1252 for Type I, Class B
welds. A fly wheel speed of 1225 rpm and forging pressure of 3400 psi were used.
Work pieces were heat treated, prior to and after welding, according to the process
schedule shown in Figure 1.
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Figure 1. Heat treatment schedule.

Type TR-3A, 0.252" diameter, threaded, round, tensile specimens and Type CV-2,
0.394" x 0.394" x 2.165" Charpy V-notched specimens were machined from each quadrant
of the welded section. Flood coolant conditions were used to prevent burning. The
weld line was located in the center of each specimen. Notches were machined in the
Charpy specimens to provide an L-C crack plane orientation. The specimens used to
evaluate fracture toughness were Charpy specimens precracked by bending fatique
loading. Fracture toughness data were obtained in slow bending, in accordance with
ASTM E 399. Charpy specimens were broken in a pendulum type impact machine with
the hammer velocity of approximately 17 feet per second, in accordance with ASTM E 23.

RESULTS AND DISCUSSION

Mechanical property data including tensile, Charpy impact, and fracture toughness
data for the base metal and weld are shown in Table 2.

Weld zone fracture toughness data exceeded that of the base metal. This is
believed to have been due to the larger prior austenite grain size in the weld zone
resultant from the weld thermal cycle. 6 Other indicators of weld joint toughness

6. RITCHIE, R. 0., FRANCIS, B., and SERVER, W. L. Evaluation of Toughness in AISI 4340 Alloy Steel Austenitized at Low and
High Temperatures. Metall. Trans. A, v. 7A, June 1976, p. 831-838.

2
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Table 2. MECHANICAL PROPERTIES OF BASE METAL AND WELD JOINTS

YS Lharpy Impact Charpy Impact
0.2% Offset urS Elon. Energy, 770F Energy, -25°F KQ, 770F KQ, -250F(ksi) (ksi) (%) (ft-lb) (ft-lb) (ks i v-n.) (k s .)

Base 226.9 298.1 11.9 11.9 9.7 37.8 36.28 ,
Metal (0.73)* (0.87) (0.1) (0.35) (0.64) (0.64) (1.23)

Weld 218.7 294.0 4.85 6.37 5.5 45.93 39.42
(2.31) (5.29) (0.64) (0.45) (1.63) (1.25) (1.70)

*Standard Deviation

and ductility, i.e., Charpy impact energy and percent elongation, showed weld zone
.alues approximately 50 percent lower than the unaffected base metal values. Weld
zone results for these tests approximated those expected for the short transverse

orientation in the base metal.

The major differences between the fracture toughness and Charpy tests can be
summarized as follows: 1) the Charpy specimen contains a V-notch (P = 0.25 mm),
whereas the fracture toughness specimen contains a fatigue precrack (P -0), 2) the
strain rate for the Charpy test is greater than that of the fracture toughness
test, and 3) the Charpy test measures the energy required to initiate and propagate

a crack and, therefore, includes a contribution from plain stress, whereas the
fracture toughness test measures the stress intensity at a crack tip necessary to
cause plain strain crack growth only. Ritchie6 determined that the observed dis-
crepancy between the fracture toughness and the Charpy impact tests was primarily
due to notch root radius effects. The evaluation of friction weld joint toughness
should not, therefore, be based on either tensile fracture toughness or Charpy

impact data alone but should include both infinitely sharp notch and rounded notch
toughness tests.SM

SUMMARY

Fracture toughness tests of friction welded joints in ultrahigh strength
steels showed weld joint values exceeding those of the base metal. The reason for S
this is believed to be due to the larger prior austenite grain size in the weld
zone resultant from the weld thermal cycle.

Charpy impact energy data for the weld zone in friction welded joints were
found to be approximately 50 percent lower than those of the unaffected base metal.
The reason for this is the adverse reorientation of nonmetallic inclusions in the S
weld zone resultant from the forging stage of the welding cycle.

Discrepancies between the Charpy impact and the fracture toughness test data
are believed to be primarily due to notch root radius effects. Both sharp crack
fracture toughness and rounded notch impact energy tests are, therefore, required
for the complete evaluation of friction weld joint toughness and ductility.



DISTRIBUTION LIST

No. of
Copies To

1 Office of the Under Secretary of Defense for Research and Engineering,
The Pentagon, Washington, DC 20301

Commander, U.S. Army Laboratory Command, 2800 Powder Mill Road, Adelphi, MD
20783-1145

1 ATTN: AMSLC-IM-TL

Commander, Defense Technical Information Center, Cameron Station, Building 5,
5010 Duke Street, Alexandria, VA 22304-6145

2 ATTN: DTIC-FDAC

Metals and Ceramics Information Center, Battelle Columbus Laboratories,
505 King Avenue, Columbus, OH 43201

1 ATTN: Mr. Robert J. Fiorentino, Program Manager

1 Defense Advanced Research Projects Agency, Defense Sciences Office/MSD,
1400 Wilson Boulevard, Arlington, VA 22209

Headquarters, Department of the Army, Washington, DC 20314
1 ATTN: DAEN-RDM, Mr. J. J. Healy

Commander, U.S. Air Force Wright Aeronautical Laboratories, Wright-Patterson
Air Force Base, OH 45433

1 ATTN: AFWAL/MLC
1 AFWAL/MLLP, D. M. Forney, Jr.
1 AFWAL/MLBC, Mr. Stanley Schulman
1 AFWAL/MLLS, Dr. Terence M. F. Ronald
1 AFWAL/FIBEC, Dr. Steve Johnson

I Edward J. Morrissey, AFWAL/MLTE, Wright-Patterson Air Force Base, OH 45433

Commander, Army Research Office, P.O. Box 12211, Research Triangle Park,
NC 27709-2211

1 ATTN: Information Processing Office 5
1 Dr. George Mayer

Commander, U.S. Army Materiel Command, 5001 Eisenhower Avenue, Alexandria,
VA 22333

1 ATTN: AMCLD

Commander, U.S. Army Armament, Munitions and Chemical Command,
Dover, NJ 07801

I ATTN: Mr. Harry E. Pebly, Jr., PLASTEC, Director

Commander, U.S. Army Aviation Systems Command, 4300 Goodfellow Blvd., St. Louis,
MO 63120

1 ATTN: AMDAV-NS, Harold Law

Director, U.S. Army Ballistic Research Laboratory, Aberdeen Proving Ground,
MD 21005

1 ATTN: SLCBR-TSB-S (STINFO)

Commander, U.S. Army Electronics Research and Development Command,
Fort Monmouth, NJ 07103

1 ATTN: AMDSD-L
1 AMDSD-E

Commander, U.S. Army Foreign Science and Technology Center, 220 7th Street,
N.E., Charlottesville, VA 22901

1 ATTN: Military Tech

Commander, U.S. Army Materiel Systems Analysis Activity,
Aberdeen Proving Ground, MD 21005

1 ATTN: AMXSY-MP, H. Cohen

Lommander, U.S. Army Hisbiit Com and, Redstone Scientific iiformatiul Center,
Redstone Arsenal, AL 35898-5241

1 ATTN: AMSMI-RD-CS-R/ILL Open Lit
1 AMSMI-RLM
I AMSMI-RLA, Dr. James J. Richardson



0

No. of
Copies To

Com tander, U.S. Army Belvoir Research, Development and Engineering Center,
Fort Belvoir, VA 22060-5606

1 ATTN: STRBE-D
1 STRBE-FS, Fuel & Water Supply Division
I STRBE-N
1 STRBE-VL

Commander, U.S. Army Aviation Applied Technology Directorate, Aviation Research
and Technology Activity (AVSCOM), Fort Eustis, VA 23604-5577

1 ATTN: SAVRT-TY-ATP, Mr. James Gomez, Aerospace Engineer

Commander, U.S. Army Tank-Automotive Command, Warren, MI 48090
1 ATTN: AMSTA-RCKM

Director, Benet Weapons Laboratory, LCWSL, USA AMCOM, Watervliet, NY 12189
1 ATTN: AMSMC-LCB-TL
1 AMSMC-LCB-PS, Dr. I. Ahmad

David Taylor Naval Ship Research and Development Center, Annapolis, MD 21402
1 ATTN: Dr. Michael Vassilaros - Code 2814

Office of Naval Technology, 800 N. Quincy Street, Arlington, VA 20017
1 ATTN: Mr. J. J. Kelly - Code MAT 0715

Naval Research Laboratory, Washington, DC 20375
1 ATTN: Code 5830
1 Dr. G. R. Yoder - Code 6384
1 Dr. S. C. Sanday - Code 6370

Chief of Naval Research, Arlington, VA 22217
1 ATTN: Code 471
1 Dr. Steven G. Fishman

Naval Sea Systems Command, Washington, DC 20362
1 AT": Mr. Marlir YVnra - 6?R4

Naval Air Development Center, Warminster, PA 18974
1 ATTN: Dr. E. U. Lee - Code 60632

Naval Surface Weapons Ctnter, White Oak, Silver Spring, MD 20910
1 ATTN: John V. Foltz - Code R32
1 Dr. Herbert Newborn - Code R34

National Aeronautics and Space Administration, Washington, DC 20546
I ATTN: Mr. Michael A. Greenfield, Program Manager for Materials, Code RTM-6

National Aeronautics and Space Administration, Lewis Research Center,
Cleveland, OH 44135

1 ATTN: Dr. James A. DiCarlo, Mail Stop 106-1

National Aeronautics and Space Administration, Marshall Space Flight Center, S
Huntsville, AL 35812

1 ATTN: R. J. Schwinghammer, EHO1, Dir, M&P Lab
1 Mr. W. A. Wilson, EH41, Bldg. 4612

The Boeing Vertol Company, P.O. Box 16858, Philadelphia, PA 19142
I ATTN: Mr. Robert L. Pinckney, Mail Stop P62-06
1 Mr. Joseph W. Lenski, Jr., Mail Stop P32-09

E. I. DuPont De Nemours and Company, Inc., Textile Fibers Department,
Pioneering Research Laboratory, Experimental Station, Wilmington, DE 19898

1 ATTN: Blake R. Bichlmeir

I Mr. Rex C. Claridge, TRW, Incorporated, Manufacturing Division,
Mail Stop 01-2210, 1 Space Park, Redondo Beach, CA 90278

1 Dr. James A. Cornie, Materials Processing Center, Bldg. 8, Room 237,
Massachusetts Institute of Technology, 77 Massachusetts Avenue,
Cambridge, MA 01239



No. of
Copies To

I Dr. Bhagwam K. Das, Engineering Technology Supervisor, The Boeing Company,
P.O. Box 3999, Seattle, WA 98124 0

1 Leroy Davis, NETCO, 592 Dryad Road, Santa Monica, CA 9042-1318

1 Mr. Joseph F. Dolowy, Jr., President, DWA Composite Specialties, Inc.,
21133 Superior Street, Chatsworth, CA 91311

1 Mr. Robert E. Fisher President, AMERCOM, Inc., 8948 Fullbright Avenue,
Chatsworth, CA 91311

1 Mr. Louis A. Gonzalez, Kaman Tempo, 816 State Street, Santa Barbara, CA 93101

A 1 Prof. James G. Goree, Dept. of Mechanical Engineering, Clemson University,

Clemson, SC 29631

1 William F. Grant, AVCO Specialty Materials Division, 2 Industrial Avenue,
Lowell, MA 01851

1 Mr. Jacob Gubbay, Charles Stark Draper Laboratories, 555 Technology Square,
Mail Station 27, Cambridge, MA 02139

1 Mr. John E. Hack, Southwest Research Institute, 6220 Culebra Road,
San Antonio, TX 78284

1 Dr. H. A. Katzman, The Aerospace Corporation, P.O. Box 92957
Los Angeles, CA 90009

Lockheed California Company, Burbank, CA 91520
1 ATTN: Mr. Rod F. Simenz, Department of Materials and Processes

Lockheed Georgia Company, 86 South Cobb Drive, Marietta, GA 30062
1 ATTN: Materials and Processes Engineering Department
1 Mr. James Carroll

Material Concepts, Inc., 2747 Harrison Road, Columbus, OH 43204
1 ATTN: Mr. Stan J. Paprocki
1 Mr. David Goddard

1 Dr. Mohan S. Misra, Martin Marietta Aerospace, P.O. Box 179, Denver, CO 80201

1 Mr. Patrick J. Moore, Staff Engineer, Lockheed Missiles and Space Company,
Organization 62-60, Building 104, P.O. Box 504, Sunnyvale, CA 94086

1 R. Byron Pipes, Professor & Director, Center for Composite Materials,
University of Delaware, Newark, DE 19711

1 Dr. Karl M. Prewo, Principal Scientist, United Technologies Research Center,
Mail Stop 24, East Hartford, CT 06108

1 Dr. B. W. Rosen, Materials Sciences Corporation, Gwynedd Plaza 11, Bethlehem
Pike, Spring House, PA 19477

1 Prof. Marc H. Richman, Division of Engineering, Brown University,
Providence, RI 02912

1 Mr. Ronald P. Tye, Energy Materials Testing Laboratory, Biddeford Industrial
Park, Biddeford, ME 04805

1 Prof. Franklin E. Wawner, Department of Materials Science, School of
Engineering and Applied Sciences, University of Virginia, Charlotesville,
VA 22903

1 Dr. Carl Zweben, General Electric Company, Valley Forge Space Center/M4018,
P.O.Box 8555, Philadelphia, PA 19101

Director, U.S. Army Materials Technology Laboratory, Watertown, MA 02172-0001
2 ATTN: SLCMT-IML
2 Authors



(, r

a. C.. >4-kk k r= -In r. ' >4 k
In.-.~w 0- M4. Cc T a,4C 0 W.. 14.

In) M Vk14= 0o4.. 014 n tl 0)4.> .-
>1 "'1I.441)00'C4 4 f C 1 0 O

1-41.m 41 -3.L =4~.0...14 :). 1 114C 1-4 11341C0w.1>

mk 3 0 CD-1%CI w 0 I n1-
S~~~~~~~~~~ t:44 0 4.4.. 01 1O4 1

0 - 0 1-u~n .0 0 4- Q j1 0-

>k C *1k.41 a w1 4k14
0000 O.C.C w 01 ~ .-

41 '414 4 0 In4.11 41 . n-

m' IcW CC .41 O-414 =. >I. -1.420 C

'C m1 a vk. o- Q.C 0

0, tC 10. C1 10 Q. C Q.. 4 1

-a -0 0 k 00 -- a) dim

-6 C4~ ~ JI 100' 41 01n14 1

c . m Ck .4 - 8 00 ( '

4In 00 k4 'a w-1 0 C' In 1- 0. 0 a11~ IU 1

43 C > C I. m 1 0 1 C C kW =

0-C CS414141 - 14:: 04 ~ 1 .41.0 14m a 01

01n1W C .-. 0 411-1-40 V04111 . C-. 0 1; 4417,4O
m-4 00 'do 1.- C 0 cm.4 1.a CI4' 00 w4 Q "

0 1 Lj 10- = k W"' .- In C. 410 C w 41 55 c0. 0 - ' 40a nc 4
;Z -V .- 004 Ok a-4 1 ID -l- 3O. u1 41 _01

14C1J1-41 C W1 1C 0C0 4 V 0 14 k)-4 01 VC kC O Vn-
c141 CX X .. 00 I 20 44 m1-I 0041 a11 ~ 'I k 1 4.

Q4 C), a1 4- k0 V 1 0 1 4 1 1 k k

m4 C) 00 0
C:,E 0.1 k k 1 1 5 - M4 Q. C 3C14 5 0.4 k k 24 51

>11 141,- -0 CC % 41 km E~4 >141 -414 -0 C14 .

2.4 W -0 M. 1. W w1. 4 an - . 4 4 1 0 .k k .
k4 1I4-' L4 X11- w C 01 aC 4 S J- 4 4. . 4

-. 41. w( 0 >. E Zg-0n m1. 54 04(I0 >. EE

T-1.C. 0 0.V .044 c a1 m 0 Q. 040 . -

W1 41.0 41 00 V 41.4 4

In.- 0 c u. . 0) c- a,*- I- 0 a S - - W 0.Cw
In > Zk1 0z41> 0.-JIC 3 k4 0)114 1

'4 a1 aC _04 414 C 0 '4 Wv 41Ck 041 431 04

w ICU 10 '" -0k - C) a)441 "-O

O-02 1In4 41u w 01411. 14
0 a, 0 I U k1I04 0 0 0m M 0 k1I0-

M fl m1 410 v11I 1 4 404I

w1 m w4k4 E1 -o w1.

1 4 1- 1 4 01 1

6410.4 a, .- IU 01 CD1f~ .40)4.w C

0 Sc CD 0 0-- C1 1 C4O C1 0

M -~ 041 01.- .kO..o C0- 0 .401 41 M.- 04414

fl.-.'Z ~ u CJ, 0n' x 41. *140 Z~I C' nV .4 -4
'40 '41 w~ C1 .4 -14w . 14 = C4w m a, 1- 44,-4

c0n1 D4)I- . ao4 0L w 11. 4 - u4DV C1n-4 -o- .41 0 441-44-

C 10 0 14oa 1C4 0 C 0 410(--00k ~1 0 . In C 41 0

41141 01 T-~ Vl~ 0 Cl1 4. C 141 w1 0~'110.4 1

015 m '4 41 4- k , Vm
414)1~~~~ '4E-* k 0 4.-1 .4 44 4 4 -. k a 4.4

414.C1 W~ S-C4 01...u -4L5J-51 4411 40..1

41=1- w In 04 414 km 41 0 01k) In 04 w11 k1 1



14Th
K

176

- - - - - - - - w - - - - -


